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Abstract
As a result of their thermoluminescent response, low cost commercial glass beads have been demonstrated to offer
potential use as radiation dosimeters, providing capability in sensing different types of ionising radiation. With a
linear response over a large range of dose and spatial resolution that allows measurements down to the order of 1
mm, their performance renders them of interest in situations in which sensitivity, dynamic range, and fine spatial
resolution are called for. In the present work, the suitability of glass beads for characterisation of an Americium-
Beryllium (241AmBe) neutron source has been assessed. Direct comparison has been made using conventional 3He
and boron tri-fluoride neutron detectors as well as Monte Carlo simulation. Good agreement is obtained between
the glass beads and gas detectors in terms of general reduction of count rate with distance. Furthermore, the glass
beads demonstrate exceptional spatial resolution, leading to the observation of fine detail in the plot of dose versus
distance from source. Fine resolution peaks arising in the measured plots, also present in simulations, are interesting
features which based on our best knowledge have previously not been reported. The features are reproduced in both
experiment and simulation but we do not have a firm reason for their origin. Of greater clarity is that the glass beads
have considerable potential for use in high spatial resolution neutron field characterisation, subject to the availability
of a suitable automated TLD reader.
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1. Introduction
Mapping mixed radiation fields with conventional gas
based neutron detectors to achieve mm spatial resolution
is a challenge. However, detailed knowledge of different
radiation intensities as a function of position surround-
ing neutron sources is required to use these sources as a
characterisation tool (for example in detector testing or
neutron activation studies). Hence, in this work, we re-
port the potential to use the thermoluminescent response
of 1.1 mm diameter micro-silica glass beads to map the
radiation field caused by an AmBe neutron source sub-
merged in a water tank.
The convolution of neutron emission energies with
the moderation due to the presence of the water and re-
duction in intensity per area with increasing distance is
known to cause peaks in the distribution of the neutron
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capture cross section (Lorch, 1973; Coehlo et al., 1989;
Thompson and Taylor, 1965; Anderson and Neff, 1972);
indeed, this was seen in prior studies (Taggart, 2007;
Nicolaou, 1983; Matthews, 1979) of the neutron tank, al-
beit at far poorer spatial resolution than the present study.
The dosimeter size of ∼1 mm (Jafari et al., 2014b,a) en-
ables a far finer ∆E(neutron) sensitivity than that pro-
vided by alternative techniques. The energy response of
the glass beads has previously been reported in (Jafari
et al., 2014c), whilst that of conventional gas detectors are
well-documented.
Work thus far has concerned the effectiveness of glass
bead dosimeters for use with the latest radiotherapy de-
velopments (Teoh et al., 2011; Chang and Timmerman,
2007) and specifically that the dimensions of the dosime-
ter should be small with respect to the radiation field di-
mensions (Jafari et al., 2014a; Bjarngard et al., 1990; Hig-
gins et al., 1995; Fracescon et al., 1998; Sauer and Wilbert,
2007; Aspradakis et al., 2010) whereas the focus of the
most recent studies have been the introduction of a mixed
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Figure 1: A schematic of the setup of the neutron tank and relative po-
sitions of the detectors for the vertical measurement study. The glass
beads and gas detectors have been depicted in the same position, al-
though their measurements were performed separately.
radiation field as described in (Bradley et al., 2016) and
here. The relevance of this point is that the response of
the glass bead cannot be solely due to neutron interac-
tions (capture, scattering, or gamma production) and that
a significant gamma factor will contribute to the thermo-
luminescent yield whereas the γ efficiency is very low for
the comparative gas detectors (Kouzes et al., 2009; Reilly
et al., 1991).
2. Experimental Setup
All experiments were performed using a single 11
GBq AmBe source (Eckert and Ziegler, 2007) at the Uni-
versity of Surrey as depicted in Fig. 1 where the beads
were wholly submerged within the shielding water tank
and the vertical gas-detectors (both 3He and boron tri-
fluoride) were housed within an air-tube. Note that the
tube was raised with the detector, thereby providing pro-
tection for the high-voltage supply rather than to prefer-
entially select fast neutrons by displacement of the mod-
erating water. The gas detectors were powered using an
Ortec 710 PSU, with the 3He tube held at 1200 V and the
BF3 detector at 1800 V. The respective detector outputs
were fed into an Ortec 142A preamplifier and an Ortec
672 spectroscopy amplifier with a shaping time of 3 µs
for each tube. Online monitoring was provided by the Or-
tec Maestro (Ortec, 2016) program connected to an Ortec
Easy-MCA whereas offline analysis was performed with
an in-house code built using the Root (Brun and Rade-
makers, 1997) framework.
2.1. Surface Scan
Initial measurements investigated the response of the
gas detectors scanning across the surface of the neutron
tank. As can be seen in Fig. 2, although both detector sys-
tems show the same response curve peaking about the
source location, the greater neutron interaction probabil-
ity granted by the 3He tube allows for a more statistically
Figure 2: Scans across the surface of the neutron tank with the two gas
detectors. Note the maximum intensity directly above the AmBe source
(marked, surface position 0 cm).
reliable neutron count. Furthermore, the spatial resolu-
tion of these detectors is comparatively poor, with the ac-
tive volume 76 cm3 for the 3He and 152 cm3 for the BF3
tube. This corresponds to a spatial “bite” of ∼2 cm in the
horizontal surface plane. In addition to the bare detec-
tor measurements, a repeated data set was recorded with
a cadmium sheath to remove the contribution of thermal
neutrons. However, in the case of the BF3 detector this
made analysis of the data statistically unsound, and so
cadmium-sheathed BF3 results are not presented.
2.2. Depth Measurement
Due to the limited resolution of the BF3 tube only
the 3He detector was used for depth comparison mea-
surements. The relatively large active area of the gas
detector results in a substantial “energy bite” being ob-
served for each data point, an example of the poor spatial
resolution of conventional neutron detectors. However,
spectroscopy is available in this instance with measure-
ments also benefitting from a greatly reduced gamma in-
teraction component. Likewise with the surface measure-
ments, a cadmium-sheathed set of measurements were
also taken, whereby the high thermal-neutron capture
cross section allows for preferential investigation of fast
neutron flux with respect to distance from the source.
2.3. Glass Beads
Prior to irradiation the sample beads (shown in Fig 3)
had been prepared as described in (Jafari et al., 2014b).
The beads were annealed to provide a clean dosimeter,
removing any historical record of irradiation from the in-
dividual sample. The preferred annealing technique ap-
plied a temperature of 400 °C for 1 hour with a ramp rate
of 10 °C per minute and a cool down rate of 1 °C per
minute. The samples were then maintained at a constant
temperature of 80 °C for 16 hours. The measurements
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Figure 3: A selection of glass beads used in this study.
performed in (Jafari et al., 2014b) confirm that the anneal-
ing procedure has no effect on the radiation response of
the glass beads.
Three separate strings of glass beads were suspended
directly above the source as per Fig. 1 with a small gap
of ∼3 mm between the bottom bead and the source it-
self. Each string comprised 370 individual hollow ∼1.1
mm diameter beads (examples of which can be seen in
Fig. 3) threaded onto a nylon filament for a length
of approximately 410 mm. The samples were irradi-
ated by the 11 GBq AmBe source for a duration of 14
days, equating to a neutron fluence of approximately 9.5k
neutrons/s/cm2 for the beads in closest proximity down
to ∼1.2 neutrons/s/cm2 at the full length of the bead
string.
Post-irradiation, bead sets were measured using a
Toledo 654 TLD reader at the University of Surrey with
the technique described in (Jafari et al., 2014b). The beads
were stored in a dark environment and allowed to sta-
bilise prior to measurement in order that the rapid fading
component of TL materials should not be taken into ac-
count (Jafari et al., 2014c).
2.3.1. Calibration
It has been shown in previous publications that the
uncertainty in the response of individual beads is sub-
stantially better than that of other common TLD mate-
rials (Jafari et al., 2014b). The glass beads exhibit an ∼8
% variation, and this is applied to the results presented
here, which compares favourably to the ∼15 % variabil-
ity in LiF TLDs (Jafari et al., 2015). It should be noted
that although there is presently no absolute reference un-
til the calibration is performed (see Conclusions and Fur-
ther Work) the variation of the data shown in Fig. 5 agrees
within uncertainty, and therefore, with the obvious ex-
ception of peaks, we expect similar yields from the indi-
vidual beads.
2.4. Monte Carlo Simulation
The mixed radiation field of the AmBe source coupled
with the dual neutron-gamma response of the dosime-
ter necessitates some attempt to deconvolve the respec-
tive components. A simulation was developed using the
general Monte Carlo N-Particle transport code, MCNPX
(Hendricks et al., 2008) modelling the passage of neu-
trons through the pure water shield. It was previously
discussed in (Bradley et al., 2016) and is based on a pre-
liminary mathematical model representing the physical
neutron tank used to expose the beads. Several assump-
tions were made about the AmBe source including a neu-
tron energy spectrum from Amersham source calibration
data and an internal source construction based on an
americium-beryllium layered structure. Further work is
planned to optimise the mathematical model used in the
Monte Carlo simulations.
3. Results and Discussion
The surface scanning measurements presented in Fig.
2 show relatively minor variation of neutron yield over
the surface of the tank, some >20 cm being required to
show a two-fold reduction in count rate, which classical
trigonometry tells us is not an unreasonable result. Con-
versely, the vertical depth measurements (which can be
seen for both the 3He tube and the glass beads in Fig.
4) shows the combined effect of the geometric range of
data and the reduction in neutron moderation, a substan-
tial fall-off in count rate observed within a few cm from
the AmBe source. Furthermore, the 3He detector mea-
surements were also taken with a ∼1 mm-thick cadmium
sheath and show the expected drop in count rate due to
the resonances in the neutron capture cross section as the
energy range passes from the fast region and neutrons be-
come thermalised.
The overlaid vertical measurements shown in Fig. 4
exhibit the same general trend of reduced count rate with
increasing distance to the source for each of the experi-
mental data sets as well as the simulation. However, the
greater resolution of the glass bead allows for far finer
structure to be observed. In effect the gas detectors are in-
tegrating the energy regions encountered by many glass
beads simultaneously. This is to be expected, and indeed
confirms the superior performance of the glass beads in
terms of spatial resolution.
In addition to the clear energy sensitivity, by more
closely examining the glass bead data of Fig. 4, as well
as that of the additional string measurements displayed
in Fig. 5, further observations may be made. There ap-
pears to be a lower level plateau region exhibited by the
glass bead dosimeter that is not apparent when using the
gas detectors. This would suggest a lower energy limit,
below which the glass beads would be insensitive, co-
inciding with a distance approximately 23 cm from the
source. The measurements performed previously, and re-
ported in (Jafari et al., 2014c) have discussed the energy
and dose limitations of the glass bead dosimeters.
The most notable feature of the glass bead spectra
however, is that of the quasi-regular spikes in the ther-
moluminescence intensity which notably are reproduced
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Figure 4: Comparison of an example glass bead spectra to conventional
detection systems across the whole∼410 mm measurement range. Both
the glass beads and bare 3He data have been normalised with the first
data point being set to unity, whereas the cadmium sheathed data is
relative to the bare 3He detector.
in the simulation. While there is some similarity between
the thermoluminescence intensity spikes of the dosimet-
ric data sets this is not sufficient to conclude the origin
of the feature to be simply that of the peaks of the AmBe
neutron energy spectrum (Lorch, 1973; Coehlo et al., 1989;
Thompson and Taylor, 1965; Anderson and Neff, 1972).
Therefore, one must conclude that some other phenom-
ena be involved (Lorch, 1969; Wright, 1994), or possibly
the result of a neutron-induced charged-particle reaction,
say, (n,α) or (n,p). At this point it may be worth con-
sidering the dominant interactions at play with the glass
beads. The main constituents of the elemental composi-
tion are silicon, oxygen, and sodium (at 33.62, 42.18, and
10.55 % by weight respectively) (Jafari et al., 2014c). For
each element comprising the glass beads the dominant
neutron interaction is elastic scattering (Kim, Kim, Gill
and Lee, 2013); this is true across the whole energy range
that has been investigated, and may in fact support the
theory that low-probability, but high Q-value, neutron re-
actions are the cause.
Prior to installation of the AmBe source used in this in-
vestigation (Eckert and Ziegler, 2007) a similar measure-
ment was performed with a slightly different configura-
tion (Bradley et al., 2016) and was identical to that studied
by (Taggart, 2007; Nicolaou, 1983; Matthews, 1979) with
two AmBe sources ∼20 cm apart. Therefore, in these pre-
vious studies, it is important to consider that there will
be independent contributions from each separate source.
The spikes were less likely to be observed either due to
lower spatial resolution (Taggart, 2007; Nicolaou, 1983;
Matthews, 1979) or the possibility of the effect of com-
bining contributions from two sources in the water tank
(Bradley et al., 2016).
4. Conclusions and Further Work
Determining the suitability of these commercial glass
beads for a variety of dosimetric applications is an ongo-
ing task. However, in the short term they have clearly
Figure 5: The abridged thermoluminescent yield within a mixed radia-
tion field across the range of the simulated date. Both the experimental
data and the simulation have a factor of the r2 component removed.
Note that the simulation does not include a contribution from the 59.4
keV γ ray emission of the 241Am.
demonstrated the ability to provide a dosimetric infor-
mation with respect to the neutron tank. The immediate
needs of this work come in four-fold:
1. Secondary calibration via AmBe “halo”.
2. Improved sophistication of Monte Carlo simula-
tion.
3. Evaluation of the relative n/γ bead sensitivity
by repeated measurements with additional lead
shielding
4. Evaluation of the relative fast/thermal neutron sen-
sitivity through cadmium shielding
Where the ”halo“ configuration refers to a circular sup-
port to maintain a fixed source-bead distance, thereby
ensuring that all beads receive an equal mixed radiation
field dose.
The potential source of the ”quasi-regular“ spikes
could be uncovered through the above experiments. In
particular, if the cause of the spikes is indeed neutron-
induced charged-particle reactions we would expect to
see a shift in position in future simulations; likewise, with
the ”halo“ configuration spikes should be present if a re-
action is the origin.
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